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Fired bricks have been used for construction purposes in China for at least two thousand years. Since the
mid-19th century the manufacture of bricks has shifted from an old to a new system. The unique Chinese
blue brick has been gradually replaced by the European red brick and other modern products. This study
focuses on Shanghai as a representative city in that transitional period, aims at addressing the true con-
dition of the modern changes in China’s brick history and the heritage today.
The paper presents the first results of an interdisciplinary investigation. Fourteen brick samples and
one sample of raw material were studied with regard to the mineralogical, petrographic, chemical, phys-
ical, mechanical characteristics, and the maximum firing temperature. It also makes measurements of the
presented soluble salts in the altered brick samples.
Preliminary conclusions are drawn with regard to three critical issues: the provenance of the bricks, the
hitherto undocumented changes in the manufacturing technology, and the condition of the brick material
in terms of conservation.
 2017 Elsevier Ltd. All rights reserved.1. Introduction
In 1925, the Material Test Committee of the Chinese Engineer-
ing Society provided some physical-mechanical data of modern
bricks from six productive Shanghai brickmaking factories [1,2].
Surprisingly, those rare historical data go against the belief that
water absorption usually reduces the compressive strength of a
brick, despite the potential yet unrecognisable random errors dur-
ing the experiment that might invalidate the data [3,4]. Moreover,
by the mechanical data, the Chinese engineers stated that the mod-
ern new bricks were actually inferior to China’s traditional ‘bluebricks’ even though the latter having suffered over 1000 years of
weathering. They ascribed this inferiority to the poor standards
of the modern manufacturing system and questioned the well-
assumed ‘‘progress” of civilisation in technology [2]. This argumen-
tation has attracted very little attention until today. Conversely,
engineers, architects, and builders (either Chinese or foreigners)
have generally believed that the modern bricks were technically
and artistically superior to the old ones, as written evidence and
built materials both show, which is in contrast to the 1925 labora-
tory results in [2]. It is unclear whether or not the properties, dete-
rioration and structural behaviours of the bricks produced in China
are compatible with the theories and experiences in the western
literature.
The traditional Chinese brickmaking andbricklaying are very dif-
ferent from European methods. Since the mid-19th century the old
790 C.X. Shu et al. / Construction and Building Materials 151 (2017) 789–800system has shifted to a new system of European mode in both pro-
duction and use. During the transitional period Shanghai had a very
high demand of European red bricks, which makes it be at the van-
guard of the epochal shift. Therefore this study focuses on Shanghai,
with a broader view on the contacts between China and the West.
Recent studies have revealed the complex mixture of all kinds
of old and new blue bricks and red bricks in Shanghai’s architec-
ture during the transitional period [3,15]. However there are only
a few analytical data about Shanghai cases [9,10]. Limited data
about the properties of ancient bricks from other regions of China
are published [11,12]. Our study follows these research questions:
– Firstly, the provenance of the bricks. The annually published
statistics in the customs archive ‘‘Returns of Trade at the Treaty
Ports in China,” surprisingly, show that among the Chinese port
cities Shanghai continuously imported the largest amount of
bricks and tiles from foreign countries since 1864, and at least
down to the year 1882; recorded origins include Great Britain,
USA and Australia. At the same time Chinese blue bricks were
exported to foreign countries, e.g. Japan. Where were these
imported bricks used in Shanghai?
– Secondly, the progress of civilisation is being brought into ques-
tion by historians of East Asian science and technology who pay
attention to the heavy losses of traditional technology. However
the discussions often lack scientific data. We doubt whether the
properties of the traditionally-made bricks and the industrially-
made modern bricks are comparable. This study thus aims at
revealing the true conditions of the bricks, and collecting data
for reconstructing the lost traditional technology as well as
the real changes and developments in the modern time;
– Thirdly, we broadly observe the deterioration of bricks in
Shanghai and the continuous loss of cohesion between the old
materials and the restoration interventions. Restorations were
often carried out on the surfaces of the brickworks (1–2 cm)
after cleaning. What are the causes of the deterioration and
the incohesion?
To make traditional blue bricks, a two-stage firing scheme
employing oxidizing and reducing conditions was used in tradi-
tional kilns. Reducing conditions were achieved through injecting
water into the kiln-chambers after an appropriate oxidizing firing,
resulting in the ‘blue’ colour; this technology was still used in China
up to the 1990s [13,14]. The reason for the reducing firing has long
been an open issue. The literature on oriental ceramics usually
hypothesizes that the reducing firing could improve the physical-
mechanic properties of the fired ceramics and bricks [5–8].
Focusing on Shanghai, the chronology of the use of the bricks in
architecture has been examined [3]. Data on the observable forms
of the bricks (dimensions, colours, marks, textures) have also been
preliminarily retrieved, and the present work was based on these
data.
With regard to the comparable European architecture and ana-
lytical data [16–20], the present research deals with the composi-
tional and technical characteristics of the brick samples responding
to the above-mentioned three questions. The methodology follows
the interdisciplinary strategies piloted in recent studies [21–25]. A
determination of the maximum firing temperature was applied in
this study [26]. Archival research, industrial records, archaeological
and architectural methods were used in combination in order to
recognize significant materials from architecture.2. Materials and analytical methodologies
The samples came from four representative modern buildings,
all listed as China’s heritage sites. Their construction dates, rangingbetween 1866 and 1935, cover the main transitional period in the
local brick history. (Table 1 and Figs. 1–3, the information of the
samples in Table 2).
A sample of raw clay was taken with the help of the local brick-
makers from Nanhui district on the outskirts of Shanghai City; it
was used as a reference to define the origin of other brick samples,
the fired brick sample B5 was made from this clay in a traditional
kiln. We chose Nanhui clay because Nanhui is a remarkable place in
terms of brickmaking, in either traditional system or modern
industry. The famous ‘‘Da-Zhong Brick and Tile Factory” (1930–
1990s) was situated in Nanhui and had significant influences from
Belgian technology [27]. Sample ‘‘6 red” is a decayed fragment
taken from the brickwork surface of the St Ignatius Cathedral,
and was later revealed to be a restoration mortar by analyses.
Minor/non-destructive methods are ensured as much as possi-
ble on site. Most of the samples have mortars and/or plaster
attached, from which the outward or inward surfaces of the bricks
can be recognized. The exposed bricks in the two churches mainly
suffer from salts (i.e. efflorescence), exfoliation and biological
colonization.
The following investigations were performed:
– The mineralogical composition was determined on powder
using an X-ray diffractometer (XRD) PANalytical X’PertPRO
equipped with X’Celerator multirevelatory and High Score data
acquisition and interpretation software (Cu anticathode
(k = 1.54 Å) was used, under the following conditions: current
intensity of 30 mA, voltage 40 kV, explored 2H range between
3 and 70, step size 0.02, time to step 50 s, and scan speed of
0.04/s.);
– The clay mineral composition was determined on the fraction
<4 mm extracted through sedimentation according to Stokes’
law [28,29] using a Philips PW 1729 diffractometer;
– The amount of CaCO3 was determined through the Gasometric
technique, using a Dietrich Fruhling calcimeter [30];
– The chemical composition was determined using X-ray fluores-
cence (XRF). Samples were analysed using a wavelength disper-
sive X-ray fluorescence spectrometer Rigaku ZSX Primus II
equipped with an end-window 4 kW Rh X-ray tube;
– The petrographic investigation was carried out through obser-
vation in transmitted light of thin sections (30 mm thickness)
with an Optical Microscopy (ZEISS Axioscope A1 microscope);
– The grain size distribution of the raw clay was carried out by
sieving in order to separate the following fractions: sand
(Ø > 63 lm), silt (4 lm < Ø < 63 lm) and clay (Ø < 4 lm);
– Morphological and micro-chemical analyses were performed
using an ESEM Quanta-200 FEI environmental scanning elec-
tronic microscope. The measurements were performed with
an acceleration potential of 20 kV. The main working materials
were backscattered electron images at high magnification (from
200X to 400X);
– The presence of salts was measured for the altered samples
from the churches, Fourier transform infrared spectroscopy
(FT-IR) spectra were collected with a portable Bruker Optics
ALPHA FT-IR spectrometer in ATR mode, with a platinum single
reflection diamond ATR module;
– The physical characteristics of the bricks were analysed. For
each typology, three specimens of 2  2  2 cm were prepared
to determine the water accessible porosity (effective porosity)
(Pw%) and the water absorption coefficient (I.C. w%). A Mettler
Toledo hydrostatic balance was used applying Archimede’s law:
Vw ¼ ðWw WdÞ=cw
Va ¼ ðWw WhÞ=cw
Table 1
The architecture of the brick samples.
CONSTRUCTION DATE 1866–69 1905–10 1920–30s 1930–35 1931–35 1960s
ARCHITECTURE Holy Trinity
Church (HTC)
St. Ignatius
Cathedral (SIC)
House at 927
Huaihai Zhong Rd
Dalu Bank Store-house Sihang Store-house –
THE ORIGINAL BRICKS USED
FOR THE ARCHITECTURE
Made in the
British
Settlement of
Shanghai with
British
facilities
From a time
when the local
modern
brickmaking
industry started
to boom yet not
matured
From a prosperous
time of brickmaking
at Shanghai
From the heyday of the modern
brickmaking industry at Shanghai
Unused handmade
blue brick, fired in
traditional kiln in
Nanhui, Shanghai
STRUCTURE AND MATERIALS
IN ARCHITECTURE
Brick
masonry,
stone
columns,
wooden roof
Brick masonry,
wooden roof and
floor
Brick masonry,
wooden roof
Column and flat beam system
in reinforced concrete, infill walls in bricks
MASONRY CONDITION Solid exterior
walls neatly
bonded in red
bricks,
breadth
varies, min
dimension
250 mm
Solid exterior
walls, neatly
bonded, outer
leaf in red bricks
inner leaf in blue
bricks, breadth
mostly in
250 mm
Decayed brick
fragments from
outer wall, masonry
of high quality,
neatly bonded
Solid infill walls, neatly bonded, breadth in
250 mm, red and blue bricks are arranged
decoratively
ARCHITECTURE Anglican
church,
‘Gothic’ and
‘Romanesque’
revival taste.
Received
interventions
over time
Catholic
cathedral,
‘Gothic’ revival.
With
interventions
over time
Middle-class
terraced house. No
major interventions
Industrial building. ‘International Style’ with art-
deco details. Bombed in 1937, non-structural
walls damaged; received interventions afterwards
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point, Wh is the hydrostatic weight, Va is the volume of sample, Vw
is the volume of water inside the pores, cw is the density of water at
the measurement temperature.
The water accessible porosity was calculated as:
Pw% ¼ ðVw=VaÞ100
The water absorption coefficient I.C.w% was calculated as:
I:C:w% ¼ ½ðWw WdÞ=Ww100
– The maximum firing temperature was determined according to
a method developed by the CHART group at the University of
South Denmark: the magnetic susceptibility on a step-wise re-
fired sample is measured [26]. The susceptibility data were
plotted as a function of the re-heating temperature. In order
to establish the firing temperature more accurately, the square
of the first derivative was plotted as a function of the re-heating
temperature. The first derivative was calculated as (Si  Si  1)/
dT, where Si and Si  1 are two consecutive susceptibility mea-
surements and dT is the temperature difference;
– The mechanical investigation was conducted on the following
bricks: B1, B2, B3, B4, B5, R1, R2. The bricks were cut to obtain
cubic specimens in order to carry out compressive and indirect
tensile tests. A total of 50 specimens were examined (Table 3).
Before performing the tests, each cubic specimen was visually
assessed to evaluate the presence of irregular or non-
homogeneous surfaces. Irregular cubic specimens were capped
with specific material in order to regularize the loading surfaces.
In the testing set-up, the uniaxial compression test on cubic
specimens was carried out in agreement with [31]. Each specimen
was placed under a universal press machine, type Instron 5590-
HVL, with 60 kN loading cell. Tests were performed in displace-
ments control by imposing constant vertical displacement at a rate
of 0.6 mm/min. In all tests deformations were measured by the rel-ative displacement of the machine loading platens. An indirect ten-
sile test was carried out in agreement with [32]. Cubic specimens
were placed between two steel cylinders positioned axially at the
top plate of the universal press, type Instron 5590-HVL, with
60 kN loading cell.3. Results and discussion
3.1. Mineralogical-petrographic and physical characteristics
The mineralogical and petrographic characteristics of the brick
samples are listed in Tables 4 and 5, respectively. Table 6 shows
the chemical analysis determined by XRF of the raw clay and brick
samples.
As for the sound bricks, the mineralogical composition of red
and blue brick (except B3) shows the presence of quartz and feld-
spars (Table 4). Hematite is sporadically present. B3 shows the
presence of quartz and calcite.
Concerning the petrographic characteristics, the red bricks (R1,
R2 and R3) show a similar aspect: slightly birefringent ground-
mass, fluidal texture with bands of different colour. In all samples
the amount of framework is abundant, well sorted (grain size 10–
30 mm) but not homogeneously distributed in the groundmass. The
shape of grains is angular (quartz and feldspars) and plate (micas).
Quartz, feldspars, micas are present in all the three bricks. The
macroporosity is due to elongated pores along the bands (Fig. 4a).
The blue bricks B1, B2, B4 and B5 are quite similar among them:
the groundmass is birefringent, the framework is abundant and
homogenous in distribution, well sorted (grain size 10–30 mm).
The grains have an angular shape and quartz, feldspars and micas
are present in the composition (Fig. 4b).
The blue brick B3 shows completely different petrographic
characteristics compared to the other blue bricks. The macroscop-
ical aspect is variegated with black and white grains. Microscopi-
cally it shows a birefringent groundmass and a very abundant
Fig. 1. a) Holy Trinity Church in the 19th century and b) the decay/deterioration over time.
Fig. 2. a) St Ignatius Cathedral in 1910 and b) the decay in the façade in 2015.
Fig. 3. Sihang and Dalu storehouses in 1937 and the sampling in 2015.
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Table 2
Brick sampling and macroscopic description.
Location Dating the samples Dimension [mm] Types and textures Picture
B1 Dalu Bank, south wall Before 1935 255  125  45 Grey with yellowish tinge, a darker core is
observed in section. Fine texture (coarser than
B5)
B2 Dalu Bank, south wall Before 1935 250  125  45 Grey with creamy tinge. Fine texture (coarser
than B5)
B3 Dalu Bank, south wall 1954–83 215  105  40 Coarse with grains of varied colours in section,
from white–grey to black
B4 Sihang Warehouse, western
garble end (interior)
1937–49 ?  120  (47–50) [half
cuboid]
Grey with yellowish tinge, a little darker than
B1. Fine texture (coarser than B5)
B5 Unused blue brick fired in
traditional kiln in Nanhui,
Shanghai
1960s 215  112  35 Handmade, colour darker than B1, B2, B4, has
the finest texture in all the samples
R1 Dalu Bank, south wall Before 1935 255  120  55 Brick mark ‘LUN*HING’, marbled texture in
section
R2 Dalu Bank, south wall Before 1935 255  120  53 Brick mark ‘LUN*HING’, marbled texture in
section
R3 Sihang Warehouse, western
garble end (interior)
Before 1935 Half cylinder shape Two pieces of brick, plaster attached. Marbled
texture, big cavity observed in section
1red HTC, north outer wall of the
nave, interior surface
1866 Originally
235  120  70
Peeled-off brick powder
2red HTC, outer wall of the apse
(southern part), exterior
surface
1866 Originally
235  120  70
Already peeled-off brick powder
3red HTC, inside a brick channel of
the south semi-transept
1866 Originally
235  120  70
Mud-like, scraped from the very soft red brick
surface inside the humid channel
(continued on next page)
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Table 2 (continued)
Location Dating the samples Dimension [mm] Types and textures Picture
4red HTC, verandah to the
campanile
1893 when the
campanile was
added?
Originally235  120  70 Decayed surface of the brick, already peeled off
5red 927 Huaihai-zhong Rd 1920–30s Decayed fragments from modern red brick
6red St. Ignatius Cathedra, 1905–10 Contemporary Fragment from brick surface, almost peeled off
Table 3
Experimental program.
Brick Edges length of cubic
specimen [mm]
Specimens for
compression test
[n]
Specimens for
indirect tensile test
[n]
B1 40 4 3
B2 40 6 3
B3 40 3 3
B4 40 1 1
B5 30 8 4
R1 40 4 3
R2 40 4 3
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2 mm principal) constituted by fired coal residues, rock and brick
fragments (Fig. 5a, b).
The mineralogical and petrographic characteristics of R1, R2 R3,
B1, B2, B4 and B5 highlight that the raw material used to produce
these bricks was a layered silty clay.
The mineralogical and petrographic characteristics of B3 high-
light show that the raw material used to produce this brick was
a clay to which a large amount of temper appears to have been
added. The authors are unsure about the original purpose of adding
the non-clay mixtures – they might not (only) be used as a ‘‘tem-
per”. Moreover, it is not clear whether the reducing conditionsTable 4
XRD semiquantitative data of the main mineralogical composition.
Quartz Feldspars
B1 xxx xx
B2 xxx xx
B3 x –
B4 xxx xx
B5 xxx xx
R1 xxx xx
R2 xxx xx
R3 xxx xx
1red xxx x
2red xxx xx
3red xxx x
4red xxx xx
5red xxx x
6red xxx –
xxx = high content; xx = medium content; x = low content.
* calcimetry.were created through the traditional watering or by alternative
methods. The maintenance of reducing firing is a core issue in
making modern blue bricks with the new technology [14]. The
mineralogical analysis of the raw clay shows the presence of
quartz, feldspars (to be referred to the coarser fraction). The min-
eralogical analysis of the clay fraction show the presence of kaolin-
ite (about 20%), illite (about 35%), illite-smectite (20%), smectite
(about 15%), and chlorite (about 10%). The grain size analysis
showed 31% sand, 55% silt and 14% clay. According to these data
the material can be classified as a sandy silt [33]. According to
these data the material can be considered as a quite low plasticity
earth.
As for the mineralogical analysis of altered bricks taken from
the churches, 2red and 4red show the presence of quartz, feldspars
and sporadic presence of gypsum. The petrographic observation of
both samples show an isotropic groundmass, with an abundant
and well-sorted framework (mean grain size 10–30 mm) consti-
tuted by quartz and feldspars. The grains have an angular shape.
These characteristics highlight that the raw material used to
produce 2red and 4red was quite similar to that used for R1, R2
and R3 but fired at higher temperatures as evidenced by the isotro-
pic groundmass. Given that 2red and 4red came from a church dat-
ing back to 1866, while R1, R2 and R3 came from a storehouse
dating back to 1935, this result deserves special attention. TheHematite Calcite* Gypsum
x – –
x – –
x 9% –
– –
– – –
– – –
– – –
– – –
– – xx
– – x
– tr x
– – –
– – tr
– 11% tr
Table 5
Petrographic description of samples.
Sample Groundmass Framework Porosity
Name Appearance Amount Grain size Sorting *Qz Kf Px Other
R1 Slightly birefringent Abundant 10–30 mm Well sorted X X – Micas, hematite Oriented
R2 Slightly birefringent Abundant 10–30 mm Well sorted X X – Micas, hematite Oriented
R3 Slightly birefringent Abundant 10–30 mm Well sorted X X – Micas, hematite bonherz Oriented
B1 Birefringent Abundant 10–30 mm Well sorted X X – Micas Regular shape
B2 Birefringent Abundant 10–30 mm Well sorted X X – Micas Regular shape
B3 Birefringent Abundant 300–400 mm 1–2 mm
B4 Birefringent Abundant 10–30 mm well sorted X X – Micas Regular shape
B5 Birefringent Abundant 10–30 mm Well sorted X X – micas Oriented
2 red Not birefringent Abundant 10–30 mm Well sorted X X – Micas Irregular shape
3 red Birefringent Scarce 10–30 mm Well sorted X X – Micas **ARF Irregular shape
4 red Not birefringent Abundant 10–30 mm Well sorted X X – – Irregular shape
6 red Not birefringent Abundant 10–30 mm 200–400 mm Well sorted X X – – Absent
* Qz = quartz; Kf = K feldspars; Px = pyroxenes.
** ARF = argillaceous rock fragments.
Table 6
Chemical analysis by XRF expressed in wt%.
Oxide Raw clay B1 B2 B3 B4 B5 R1 R2 R3
Na2O – 0.23 0.25 – 0.24 0.25 0.20 0.21 0.20
MgO 1.04 0.97 0.98 0.23 0.99 0.97 1.00 0.98 1.02
Al2O3 10.61 13.28 13.29 14.86 13.27 13.30 12.95 12.97 12.93
SiO2 58.35 57.70 57.73 31.21 57.75 57.77 55.65 55.60 55.66
P 0.56 0.38 0.40 0.33 0.40 0.42 0.34 0.33 0.32
S 0.07 0.03 0.03 1.83 0.04 0.03 0.24 0.24 0.21
K2O 6.10 5.62 5.64 1.30 5.62 5.65 5.74 5.77 5.75
CaO 3.26 2.33 2.36 29.05 2.34 2.37 2.72 2.70 2.69
Ti 1.39 1.22 1.24 1.74 1.26 1.25 1.27 1.27 1.25
Cr 0.04 0.03 0.03 0.02 0.03 0.04 – – –
MnO 0.26 0.40 0.39 0.10 0.38 0.38 0.40 0.38 0.37
Fe2O3 17.87 17.35 17.33 18.71 17.36 17.35 18.91 18.88 18.87
Ni 0.02 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.05
Cu 0.03 0.03 0.03 0.05 0.05 0.05 0.02 0.03 0.03
Zn 0.17 0.03 0.04 0.02 0.03 0.05 0.08 1.00 0.08
As 0.01 0.01 – 0.01 0.02 0.01 0.02 0.01
Rb 0.10 0.12 0.13 0.15 0.12 0.13 0.14 0.12 0.11
Sr 0.06 0.06 0.04 – 0.05 0.05 0.04 0.04 0.03
Zr 0.07 0.05 0.05 0.15 0.06 0.06 0.06 0.06 0.05
Nb – – – 0.25 – – 0.15 0.14 0.13
Cl – – – – – – 0.04 0.04 0.05
Fig. 4. a) Brick R2 and b) brick B4 in cross polarised light (XPL).
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pany inside the former British Settlement of Shanghai [3].
As for sample 3red, the mineralogical analysis shows a compo-
sition similar to 2red and 4red samples. Nevertheless the petro-
graphic observation shows a birefringent groundmass, with a
scarce and well sorted framework (grain size 10–30 mm) consti-
tuted by quartz, feldspars, micas and ARFs (argillaceous rock
fragments). The grains have an angular shape. These characteristics
highlight that the raw material used to produce 3red was quite
similar to that used for R1, R2 and R3, fired more or less at the sametemperature. The only difference is the presence of argillaceous
rock fragments which points to a deficiency in seasoning the raw
material. 3red comes from an unused brick deep inside a discarded
channel structure attached to the outer wall of the south semi-
transept of the church. According to our architectural study, the
channel was originally constructed for a heating system but seems
never to have been used.
The mineralogical composition of the restoration mortar 6red
shows the presence of quartz, calcite and traces of gypsum. The
petrographic observation shows a groundmass slightly birefringent
Fig. 5. a) Brick B3 in cross polarised light (XPL) and b) same image in plane polarised light (PPL).
796 C.X. Shu et al. / Construction and Building Materials 151 (2017) 789–800with a very abundant framework homogenous in distribution. The
grain size is bimodal (10–30 mm secondary, 200–400 mm principal)
(Fig. 6). The shape of the grains is angular. These characteristics
suggest that 6red is not a fired brick but a restoration mortar
obtained by mixing a very fine portion obtained by grinding bricks
similar to R1, R2 and R3, a coarser fraction (200–400 mm in size)
and a small amount of carbonatic binder (as confirmed by the pres-
ence of 11% of calcite).
Crystalline gypsum was frequently detected in the church sam-
ples by X-ray diffraction (Table 4) and FT-IR spectroscopy. The
crystallization of gypsum can partially explain the deterioration
observed in the brickwork (Fig. 1) and become a problem for
conservation.
Table 6 shows the chemical analysis with XRF of the raw clay
and B1, B2, B3, B4, B5, R1, R2, R3 samples.
The chemical composition of B1, B2, B4, B5, R1, R2, R3 samples
is quite similar to that of the raw clay in terms of Al, Si and Ca. The
B3 sample, instead, shows a higher amount of Ca and a lower
amount of Si. The high content of Fe, comparable in all the samples
analysed, is due to the presence of Fe oxides in the groundmass.
Table 7 shows the physical characteristics of the brick samples.
Bricks R1, R2, R3 have a very similar water absorption coeffi-
cient and effective porosity, while bricks B1, B2, B3, B4, B5 have
slightly different values. B4 has the maximum value of water
absorption coefficient and effective porosity and B3 the lowest.
Compared to the variability in the blue bricks, the tested red bricks
have more consistent characteristics. R1, R2, R3 might come from
the same factory LUN*HING.
With regard to porosity, the literature data on European bricks
made in the traditional method (hand moulding in soft paste)
reports values ranging most commonly between 30 and 40%, rarely
up to 48% [34–37]. When made using the modern method (extru-Fig. 6. Sample 6red in cross polarised light (XPL).sion), the porosity values are similar except for overfiring or frac-
turing due to shrinkage [38].3.2. Maximum firing temperature
The maximum firing temperatures determined are listed in
Table 8. The maximum firing temperatures are read from the
graphs of the first derivative of the magnetic susceptibility with
respect to re-heating temperature (Fig. 7). The original firing tem-
perature is found a the first large deviation of the squared second
derivative from zero. The original maximum firing temperatures
are indicated with arrows in Fig. 8a and b. The uncertainty in the
determination is 10 degrees C ( + 1 standard deviation).
These data are useful because it is thus possible to compare the
petrographic characteristics of the red bricks and blue bricks with
those of the raw clay fired at different temperatures. We observed
that the microstructure of the groundmass of R1 was very similar
to the raw clay fired at 900 C.
Except for B3 (Fig. 7b), the bricks were straightforward fired
with maximum firing temperatures ranging from 610 to 910 C.
These data clearly correlate with the different brickmaking meth-
ods for the various bricks: the blue bricks (samples B1, B2, B4,
B5) exhibited relatively low firing temperatures, ranging between
610 and 810 C, which were probably fired in traditional kilns (in
fact we know that B5 was fired in a traditional kiln), and the same
applies for the red brick R3 (790 C). Incorporating the architec-
tural information (Table 1), we assumed that the two ‘‘LUN⁄HING”
red bricks (samples R1 and R2, 910 C) were probably fired in a
modern kiln.
Brick B3 has two breaks in the susceptibility curve, which could
be the result of an admixture of two components, one of which was
pre-fired at 950 C, mixed into the clay and then fired at 830 C.
This result points to a production technology that added coal resi-
dues to the clay mixture, used both as temper and inner fuel (coal
residue may contain unburned coal). As briefly mentioned in the
local industrial history [24], coal residues have been used in brick-
making in Shanghai since 1934, with new technologies being
developed in 1959. The new technology was promoted all over
China since 1961, however the actual firing temperatures of the
cinder bricks have not been well documented. A 1958 Chinese
handbook on brickmaking provides a graph of the firing tempera-
ture and time required to make cinder bricks, showing that the
highest point is about 950 C. The handbook was translated from
a Russian source [39].
Comparing the maximum firing temperature with the porosity,
an inverse correlation is expected because the formation of a mol-
ten phase is produced with increasing temperatures, which
occludes the pores. In this study no correlation was found. This
can be explained by the maximum firing temperature being far
Table 7
Physical characteristics.
ID sample *ICw (%) st dev **Pw (%) st dev
R1 20.9 0.2 35.8 0.2
R2 20.5 0.8 35.0 0.9
R3 20.1 0.4 34.3 0.9
B1 19.5 1.0 33.4 1.4
B2 21.2 0.6 35.4 0.9
B3 17.7 0.2 28.4 0.3
B4 26.1 0.9 41.3 0.7
B5 22.0 0.4 37.0 0.5
* ICw = water absorption coefficient.
** Pw = effective porosity.
Table 8
Maximum firing temperature of the bricks analysed.
Max firing temperature (C)
R1 910
R2 910
R3 790
B1 770
B2 810
B3 950 (830)
B4 670
B5 610
Fig. 7. Squared first derivative of magnetic susceptibility of a) brick R1 and b) brick B3: t
of the squared first derivative, and is indicated with an arrow.
Fig. 8. a) Identification of the characteristic points in the stress-strain d
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comparing bricks from different productions.3.3. Mechanical characteristics
3.3.1. Uniaxial compression test
For each specimen, a compressive stress–strain diagram was
created. For each stress-strain diagram, the characteristic points
were identified (Fig. 8a): Li, starting point of the linear segment;
L, end of the linear segment; M, stress peak; L’, intersection
between the linear branch and the ordinate corresponding to the
stress peak M; U, ultimate stress conventionally equal to 80% of M.
In Fig. 8b the stress–strain diagram of brick R2.
The mechanical parameters were calculated using the values of
the characteristic points: compressive strength rc = (ym), tangent
elastic modulus E = (yl  yli)/(xl  xli), kinematic ductility lc =
(xm/xl0) and available kinematic ductility lcd = (xu/xm).
The average values of mechanical parameters are summarized
in Table 9.
To facilitate the interpretation, the average values of the com-
pressive strength and elastic modulus are reported in Figs. 9 and
10 using histograms that clearly represent the comparison
between the different brick samples.
Concerning the compressive strength, the average values of the
blue bricks (22 specimens) is 17.76 MPa and that of the red brickshe maximum firing temperature is determined as the first large deviation from zero
iagram; b) a stress-strain diagram of the specimens from brick R2.
Table 9
Average values of mechanical parameters of the bricks analysed (the standard deviation and the coefficient of variation are reported in parentheses).
Bricks Compressive strength [MPa] Tensile strength [MPa] Elastic modulus [MPa] Kinematic ductility Available kinematic ductility
B1 17.86 0.84 1491.66 1.29 1.49
(4 specimens) (1.95; 11) (0.22; 26) (369.38; 25) (0.13; 10) (0.25; 18)
B2 17,49 0,81 1528,35 1,21 1,47
(6 specimens) (1.97; 11) (0.20; 25) (312.20; 20) (0.09; 7) (0.15; 11)
B3 18,90 1,02 1090,74 1,32 1,33
(3 specimens) (1.51; 8) (0.41; 40) (113.80; 10) (0.10; 8) (0.08; 6)
B4 11,06 0,11 553,63 0,82 1,45
(1 specimen) // // // // //
B5 23.48 1.17 1421.47 1.22 1.18
(8 specimens) (3.64; 16) (0.26; 23) (563.34; 40) (0.30; 24) (0.26; 23)
R1 22.66 0.81 1854.36 1.13 1.35
(4 specimens) (3.63; 17) (0.29; 36) (743.40; 48) (0.09; 8) (0.21; 16)
R2 18,59 1,01 1346,69 1,26 1,38
(4 specimens) (1.47; 8) (0.42; 42) (182.84; 13) (0.13; 11) (0.04; 3)
Fig. 9. Elastic modulus of the samples.
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greater than that of the blue bricks.
For each brick type, Table 9 shows that the average value of the
indirect tensile strength is about 5% of the compressive strength.
This result highlights the low value of the ratio of tensile strength
on compressive strength; in fact modern handmade bricks pro-Fig. 10. Compressive streduced in Italy, and employed in an experimental analysis [40],
exhibits a tensile strength about 10% of the compressive strength.
The average elastic modulus of the blue bricks is (22 specimens)
1217 MPa, and 1683 MPa for the red bricks (8 specimens): the elas-
tic modulus of the red brick is 28% higher than that of the blue
brick.ngth of the samples.
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strength and the porosity (see again Table 5). However, no full cor-
relation was found except for B4, which shows a compressive
strength (11.06 MPa), far lower than the other bricks and a far
higher porosity (41%). B1, B2, B5 and R2 have very similar mechan-
ical properties, with a quite similar porosity. Despite the lowest
porosity (28%), B3 does not have the highest mechanical parame-
ters. The incomplete correlation between the mechanical proper-
ties and porosity could be explained by the bricks originating
from different productions. Fig. 11a and b show the brick speci-
mens after compressive and tensile tests, respectively. Standard
failure modes are shown for all types of bricks. Pseudo-vertical
multi-cracking can be observed for the compression test and one
vertical fracture between two cylinders for the indirect tensile test.
The mechanical parameters of the red bricks were compared
with the mechanical parameters of bricks produced in Italy for
the restoration (intervention on existing buildings) and mechani-
cally tested by the authors in [40]. The elastic modulus of the
Shanghai red bricks (1683 MPa) was found to be about the same
as that of the Italian bricks (1780 MPa), but the compression
strength (20.63 MPa) was 16% greater than the Italian bricks
(17.4 MPa).4. Conclusions
Three crucial questions are raised regarding China’s modern
brick history and the present condition of old bricks. This study
strategically sampled modern bricks used in Shanghai in the period
1866–1980s from famous church buildings and industrial build-
ings which are considered as Western heritage in China; it also
sampled a local clay (Nanhui clay) from a representative brick
industry area of Shanghai and a blue brick made from this kind
of clay in a traditional local kiln as reference.
The analyses made it possible to establish that the different
types of modern bricks sampled (except B3) were made from the
same type of low plasticity clay (similar to the local clay analysed
in this study) without addition of temper to the raw clay. Moreover
the analyses confirm that the essential difference in manufacturing
between the blue bricks and red bricks is due to the different
reducing/oxidizing firing conditions.
Concerning the statement that the traditional reducing-firing
stage could improve the physical-mechanical properties of the
fired bricks, this study points out that the question is still open.
Incorporating available data in the literature, it is dubitable to
say that bricks fired through the two-stage scheme of oxidizing-
reducing conditions outperform bricks fired through purely oxidiz-
ing conditions at least not in terms of the mechanical and physical
properties, or vice versa.
Compared to relevant Chinese references by compressive
strength, our data are compatible with those of the bricks from
six Shanghai factories dating back to 1925 (handmade blue bricks:
28.94 MPa; handmade red bricks: 15.18 and 26.64 MPa; industri-
ally processed red bricks: 8.95, 14.54, and 24.75 MPa; all average
values) [1]. Significantly, our samples, dating from 1935, exhibit
values of compressive strength generally higher than the bricks
from a building built 30 years earlier (blue bricks 8.35 MPa, red
bricks 12.72 MPa) [9]. Our Shanghai bricks also exhibit roughly
higher values than the ancient bricks from Pearl River region of
Southeast China (6.69–10.29 MPa) [11] and from Yichun region of
Central China (12.04 MPa, ordinary bricks for houses) [12]. These
data suggest that the modern brickmaking industry of Shanghai
was progressing in the long run, but during the transitional period
1840s–1910s it did not growmature thus not ensuring stable qual-
ities in red bricks.As for a comparison with European bricks produced in the end
19th/early 20th century and with the moulding method of extru-
sion (extrusion was widely used in Shanghai as well, presumably
applied to our samples), the mechanical and physical characteris-
tics show values of the same order of magnitude with compressive
strength between 10 and 20 MPa and open porosity between 30
and 40%.
An important discovery is the reconstruction of the clay mixture
by adding coal residues, which was a very new technology to the
Chinese. It can be dated back to 1934 in Shanghai and was greatly
promoted over China from 1961. In the 1950s China’s brick manu-
facture absorbed Russian sources including the technology of cin-
der bricks [39,41]. In China the form of cinder bricks seems to
mimic the traditional blue brick, while in France the reuse of
industrial residues seems an avant-garde trend in modern archi-
tecture [42].
Therefore, through the Shanghai cases, we do not consider the
modern shift in China’s brickmaking as a simple step forwards in
terms of technological progress as the established industrial his-
tory has emphasized, instead, it is a rather complex modern pro-
cess. We believe that Chinese bricks should be investigated
without simply relying on the blue or red type classification.
Concerning today’s conditions of conservation of the red bricks
in historical buildings, the main problems are due to localised
cases of gypsum crystallisation. This soluble salt could come from
masonry mortars and/or from inside the bricks (possibly from the
combustible because the raw clay does not show a significant pres-
ence of sulphur). Therefore, considering that the observed bad con-
dition of conservation are strictly localized, we can generally affirm
that the compositional, structural, and mechanical characteristics
of the red bricks are well suited for the climatic conditions of
Shanghai.
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